(4).
The last-named compound is labile, and even at neutral pH rapidly decarboxylates to 2-hydroxymuconic semialdehyde (4, 12) . However, 5- carboxy-2-hydroxymuconic semialdehyde is transiently stable at pH 7 .0 so that one should be able to observe (spectrophotometrically) its formation and disappearance after 2,3-fission of PCA (12) . The fact that the decarboxylated product is invariably the only initial ring fission product observed after crude extract-catalyzed 2,3-fission of PCA indicates either that one enzyme is involved in converting PCA to 2-hydroxymuconic semialdehyde or that crude extracts contain a decarboxylase that speeds the conversion of 5-carboxy-2-hydroxymuconic semialdehyde to 2-hydroxymuconic semialdehyde so that the former compound is never actually observed (4) .
Here we describe purification to near homogeneity of a PCA 2,3-dioxygenase from a strain of Bacillus macerans after growth of the bacterium on 4-hydroxybenzoate as its only source of carbon and energy. Purification of the dioxygenase by affinity chromatography allowed us to establish that the conversion of PCA to 2-hydroxymuconic semialdehyde involves two enzymatic steps: ring fission between C2 and C3 followed by rapid enzymatic decarboxylation of 5-carboxy-2-hydroxymuconic semialdehyde, forming 2-hydroxymuconic semialdehyde.
( (9) . Stock cultures were maintained on soil extract agar (9) slants that were stored at 4°C and subcultured biweekly. Strain JJ-lb was grown in the minimal medium previously described (4), except that 4-hydroxybenzoic acid (1.0 g/liter) or succinic acid* (2.0 g/liter) replaced 4-hydroxyphenylpropionic acid. A total of 100 ml of medium in a 500-ml flask was inoculated with a loopful of vested when cells reached late log phase (18 to 24 h). Denatured protein was removed by ultracentrifugaCells were collected by centrifugation and washed by tion at 95,000 x g for 1 h. suspension in 0.1 M potassium-sodium phosphate Triethylaminoethyl (TEAE)-cellulose that had buffer, pH 7.0, unless specified otherwise. When larger been cycled through the standard 0.5 N HC1/0.5 N quantities of cells were required for enzyme purifica-NaOH wash procedure was equilibrated with 50 mM tions, these were grown in 20-liter carboys containing MOPS buffer (pH 7.2) and stored as a thick slurry. 16 liters of medium, inoculated with a 1-liter culture, Equal volumes of the slurry and the heat-treated and vigorously aerated with filter-sterilized air.
enzyme solution were mixed, and the ion exchange Preparation of crude cell extracts. Washed cell cellulose with dioxygenase adsorbed was filtered off. pastes were suspended in 2 to 3 volumes of buffer, and The resin was then washed on the filter with an equal the resulting cell suspension was passed through a volume of 0.2 M NaCl in 50 mM MOPS. This wash French pressure cell at >15,000 lb/in2. Extracted cell was discarded. The dioxygenase was eluted with 0.4 suspensions were centrifuged at approximately 30,000 M NaCl in MOPS buffer. The 0.4 M NaCl eluate was x g for 20 to 30 min to give cell extracts containing 10 concentrated to one-sixth its volume, using a pressure to 20 mg of protein per ml as determined by the cell (Diaflo) fitted with a PM-10 membrane. method of Lowry et al. (11) . All procedures were PCA was coupled to aminohexyl-Sepharose 4B by performed at 0 to 5°C unless noted otherwise. the carbodiimide procedure outlined on the informaEnzymatic analyses. Oxygen consumption was tion sheet shipped with AH-Sepharose-4B (Sigma measured with an oxygen electrode (Oxygraph, Gilson Chemical Co.), except that the entire procedure was Medical Electronics, Middleton, Wis.). Dioxygenase performed under an argon atmosphere. Equal volumes assays were performed at 25°C in 1.5 ml of buffer of the affinity resin and the concentrated enzyme containing 1 umol of substrate and 0.01 to 0.2 mg of solution (post-Diaflo) were mixed, and the gel with protein. Reactions were initiated by addition of sub-adsorbed dioxygenase was filtered off on a coarse glass strate. Oxygenase specific activities were corrected for funnel. The gel was successively washed with equal uptake of oxygen in the absence of substrate. a-Hy-volumes of 0.2 M and then 0.5 NaCl in 50 mM MOPS, droxymuconic semialdehyde dehydrogenase and 4-hy-pH 7.2. These washings were discarded. PCA 2,3-dioxdroxybenzoate 3-hydroxylase were assayed by pub-ygenase was eluted with a series of 1.0 M NaCl washes, lished procedures (5, 15) . Enzyme specific activities with the highest specific activities appearing in the are expressed as micromoles of substrate transformed later fractions. per minute per milligram of protein provided. SpectroThe affinity-purified dioxygenase was not further photometric determinations of pyruvate were per-activated with Fe2" and appeared to be at least 70% formed, using lactate dehydrogenase and reduced nic-pure as judged by gel electrophoresis in the presence otinamide adenine dinucleotide (NADH) as previously of sodium dodecyl sulfate. In the purified state, the described (2). Stoichiometry of NADH consumption enzyme was unstable to storage. A typical purification was determined by observing a decrease in absorbance sequence is presented in The only detectable ring fission product formed from PCA showed spectral characteristics identical to those of 2-hydroxymuconic semialdehyde, the first observed ring fission product of PCA 2,3-dioxygenase (Am.x at pH 7.0 = 375 nm, shifted to approximately 315 to 320 nm upon acidification to pH 1 to 2; 1, 4). The yellow ring fission product was degraded slowly by crude extracts, probably as a result of 2-hydroxymuconic semialdehyde hydrolase activity (4, 15) . Degradation proceeded at a much faster rate when reaction mixtures were supplemented with oxidized nicotinamide adenine dinucleotide (NAD), the known cofactor of 2-hydroxymuconic semialdehyde dehydrogenase (4, 15). The specific activity determined for this dehydrogenase in crude extracts of 4-hydroxybenzoategrown cells was 0.047 U.
When cell extracts of 4-hydroxybenzoategrown cells oxidized PCA in the presence of NAD and 1o-4 M ethylenediaminetetraacetic acid (EDTA), as described by Crawford (4), a compound accumulated showing spectral characteristics identical to those of oxalocrotonate (2-hydroxymuconate; Amax values at pH 7.0 = 238 and 295 nm; Amax at pH 12 = 350 nm) (15).
Removal of Mg2" with EDTA is known to inactivate 2-hydroxymuconate decarboxylase (4, 15). These observations confirm that the product of NAD-dependent 2-hydroxymuconic semialdehyde oxidation by B. macerans strain JJ-lb is 2-hydroxymuconate. The evidence summarized in the above indicates that B. macerans JJ-lb dissimilates 4-hydroxybenzoate by the PCA 2,3-dioxygenase pathway (Fig. 2) . Thus, strain JJ-lb catabolized 4-hydroxybenzoate by mechanisms similar to those that operate in certain strains of B. circulans (4, 5) . Also, as was observed with the strains of B. circulans, it was not possible to observe the immediate product of 2,3-fission of the PCA nucleus (5-carboxy-2-hydroxymuconic semialdehyde) when crude extracts were used to oxidize this ring fission substrate.
Oxidation of PCA by partially purified PCA 2,3-dioxygenase. The PCA 2,3-dioxygenase induced in B. macerans JJ-lb after exposure to 4-hydroxybenzoate was purified by batch affinity chromatography to approximately 70% homogeneity, as detailed in Materials and Methods.
When PCA was oxidized by the purified 2,3-dioxygenase, it became possible for the first time to observe the transient accumulation of the immediate ring fission product, 5-carboxy-2-hydroxymuconic semialdehyde. Because of its instability, it was not possible to isolate 5-carboxy-2-hydroxymuconic semialdehyde in a pure state. The observed ring fission product showed a Amax at pH 7.0 of approximately 348 nm (Fig. 3) 348 nm was generated from 0.05 ,umol of PCA at pH 7 by addition of purified PCA 2,3-dioxygenase. On addition of I drop of 6 N NaOH to the cuvettes (pH 12 to 13), the spectrum shifted to A,,,,. = 375 nm as shown. The pH was then adjusted to pH I to 2 by addition of concentrated HCI, and the spectrum of XIMr( = 316 nm was observed. A final adjustment back to pH 7 again gave the spectrum of A,,,, = 375 nm.
shoulder in the spectrum at 375 nm probably resulted from the slow accumulation of 2-hydroxymuconic semialdehyde by nonenzymatic decarboxylation of 5-carboxy-2-hydroxymuconic semialdehyde (4, 12) . When the reaction mixture was adjusted to pH 12 to 13 by addition of NaOH, the absorbance maximum shifted to 375 nm (Fig. 3) , the absorption maximum of 2-hydroxymuconic semialdehyde (1). On acidification to pH 1 to 2, the Amax shifted to approximately 315 to 320 nm, again the absorption maximum of 2-hydroxymuconic semialdehyde at this pH. Readjustment of the pH back to 7.0 resulted in a shift of Amax to 375 nm (rather than the original 348 nm). These shifts of Am.x between 320 and 375 nm with shifts of pH between pH 2 and 12 were repeatedly reversible. Upon initial alkalinization of the reaction mixture, 5-carboxy-2-hydroxymuconic semialdehyde (Amax = 348 nm) underwent spontaneous, nonenzymatic decarboxylation, forming 2-hydroxymuconic semialdehyde (Amax = 375 nm), which readily undergoes reversible ketoenol tautomerization characterized by shifts in Amax between 375 nm and approximately 320 nm (Fig. 3) (1, 15) . The lability of 5-carboxy-2-hydroxymuconic semialdehyde toward spontaneous decarboxylation at alkaline pH values is in accord with the observations of Ribbons and Senior (14) , who observed spontaneous decarboxylation of the related compound 3-carboxy-2-hydroxymuconic semialdehyde, which was formed by enzymatic 3,4-fission of 2,3-dihydroxybenzoate. Nozaki et al. (12) were able to generate very small amounts of 5-carboxy-2-hydroxymuconic semialdehyde from PCA by the action of crystalline catechol 2,3-dioxygenase. They, too, observed nonenzymatic decarboxylation of this compound with accumulation of 2-hydroxymuconic semialdehyde. Likewise, Jamaluddin (10) (Fig.  2) . Thus the PCA 2,3-dioxygenase pathway of B. macerans is similar to the 2,3-dihydroxybenzoate 3,4-oxygenase pathway of Pseudomonas fluorescens 007, where the related ring fission product 3-carboxy-2-hydroxymuconic semialdehyde is enzymatically decarboxylated, yielding 2-hydroxymuconic semialdehyde (14) .
Preliminary experiments indicate that the 5-carboxy-2-hydroxymuconic semialdehyde 5- This is the first report of a bacterial strain other than B. circulans that utilizes the PCA 2,3-dioxygenase pathway (4, 5) . Thus far PCA 2,3-dioxygenase has been found only among aerobic sporeformers. F. Pichinoty and M. Mandel (Curr. Microbiol., in press) have observed PCA 2,3-dioxygenase in a homogeneous assemblage of aerobic sporeformers that they conclude probably represent a new species (unnamed) of Bacillus.
As noted by DeFrank and Ribbons, who studied p-cymene degradation (7, 8) , bacteria frequently channel the carbon atoms of polyhydroxybenzoates into the meta-cleavage pathways for catechols by using unique decarboxylations of ring fission products. The present investigation confirms the inference of DeFrank and Ribbons (8) 
